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The passage contour of a 48-inch centrifugal hpeller was modified
by changing the shape of the blades with the objective of reducing the
deceleration rates along the blade faces and there%y improving the
internal efficiency of the impeller. A canparison of the internal-flow ‘
characteristicswas made of the original and modified passage contours
at the design flow rate. M addition, the internsl-flow characteristics
of the modified passage are presented and analyzed uver the entire flow
range from maximm flow to surge at a corrected impeller tip speed of
700 feet per second. ,

At design flow, the modified impeller, which had lesser decelera-
tion rates along the blade surfaces, showed a general improvement in
efficiency throughout the passage over that of the original impeller.
It is concluded that impellers designed for prescribed velocity distri-
butions with low rates of deceleration should have higher intern+
efficiencies than iqelIlers with high rates of deceleration. At high
weight flows (negative angles of attack), there were large separation
losses at the inlet because a? the shspe of the leading edge; at low
flow rates (positive angles of attack), the separation losses were not
as great. The low-efficiency regions in the passage generally occurred
near the flow surfaces with decelerating flow, except along the driving
face where most boundary-layer build-up by adverse velocity gradients
was probably eliminated by secondsry flows or bleeding through the
cleaiance space.

INIMIDUCTION

The “flowcharacteristicswithin the rotating passages of a lsrge
radial-inlet centrifugal impeller have been detem&ned &perimental&
at the NA!2ALewis laboratory (references 1 and 2). Along the trailing

,
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2 NACA TN 2706

face, a low-efficiency region generally occurred as a result of a shift
of low-ener~ air toward the trailbg face smd losses caused by the
deceleration of air. By ctiging the passage aiea and the contour of
the blades, the velocity distribution was adjusted to give smaller
decelerations along the trailing face; better flow characteristics
throughout the’passage resulted.

b the first phase of this program, the area of the passage was
changed by modification ‘ofthe blade thickness. This modification was
accmplished by,gluing ba15a wood of the desired shape to the driving
surface of the 5mpeller blades (references 1 and 2). The investigation
reported herein, was concerned solely with the improvement of internal
efficiency in the region of the @eller in which the.velocities were con-
trolled. No hprovement” in over+dl efficiency was expected because the
blunt tips of the modified blade caused increased mixing losses in the
vaneless diffuser, thus csmceXl@g the effects of improved flow charac-
teristics in the hrpeller passages. The modified compressor was operated
over the flow rsmge from maMxnm flowto surge at a corrected tip speed
of 700 feet per second. Experhental .andtheoretieal presswes, veloci-
ties, and efficiencies were comptied for the modtiied impeller and the
flow characteristics of the modified and the original hpellers at
design flow are compared herein. Eqerimental results of flow condi-
tions within the modified.~assage over-the enttie flow range investi-
gated are presented. ~

AI!eARA!rus

The modified impeller used in this investigation is shown in fig-
ure 1. The blade-thickness mdification was determinedly prescribing
a velocity distributim along the blade surfaces, using a trial-and-
error method of-determhing thickness, and then snalyzing the resultant
velocity distribution by the method of reference 3 until the required
blade shape was evolved. The blades were modifiedby gluing balsa wood
to the driving face of the original aluminumblade; the trailing-face
contour and the blade height were left unchsaged. A cmparison of the
original and the modified blade shapes is presented in figure 2. The
pertinent blade data for the modified impeller are presented in table I.
The blade thiclmess was so corrected that the actusl passage area at
any radius couldbe cmputed from the blade height without consideration
of blade taper.

The over-a2J_compressor and the impeller instrumentation rne
described in references 1 and 2. Smne total-pressure probes and static-
pressure taps near the driving face at the outer radii were ,coveredby
the balsa; they therefore were not used. Also, the blade-surface static
pressures could not be read on this impeller. A schematic diagram of
the location of the instruments is shown in figure 3. The total pressure

<. _.—— -— — -. — -;
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NACA TN 2706 3

was measured by Keil type probes, set at the mean height of the blade
for any given radius. The static pressure was measured through
O.030-inch-dismeter orifices in the hrpe3J_er
device was of the sealed ball bear- type.
pressure-transfer device are fully described

PROCEDURE

hub. ‘The pressure-tr~f er
The 3nw&uments and the
in reference 1.

The compressor was operated over the flillfluw range from a maximum
corrected weight flow W @/b of 41 pounds per second to surge at

10 pounds per second, at a corrected tip speed U/ e of 700 feet per
second. r(All sy?ibolsare defined in the appendix. The operating
procedure is described in reference 1.

The theoretical pressures and velocities were computed by the
methods given in reference 3. The experimental velocities and efficien-
cies were computed by the method given in reference 2.

ti addition to the usual.experimental error in measurement, the
pressures measured in the hpeller could have a smalJ_consistent error
due to the correction for the centrifugal force effect on the pressure
column (reference 1). In the deterndaaticm of velocity (a function of
local.total- to static-pressureratio) at any point within the impeller,

the quantity is pr~il.y dependent upon the expression [(;)%. O].

When the pressure ratio P/p is close to 1.0, the expression involves -
small differencea of large nuuibersand a small error in the measured
pressure would give a large error in velocity. However, when the pres-
sure ratio is high, the possible error is small. T@s, because the
velocity in the passage was in general increased by the modified blade
shape, the error in the velocity measurement would be somewhat less at
the outer radii of the modified blades than on the original blades.
Likewise, if because of expertiental error, the local total pressure is
slightly greater thm the ideal value, the cmputed local efficiency
could be considerably greater than 1.0.

RESTJI& AND DISCUSSION

Over-AJl,Performance

Although the primary purpose of this report is to study the effect
of modifying the blade shape on the internal-flow chsracteristics of the
impeller, the over-all performance is presented briefly for the sake of
completeness. A cmparison of the over-all performance of the original
and the modified compressors is shown in figures 4 and 5. Although the
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4 NACA TN 2706

over-alJ adiabatic efficiencies were about the ssme for both @elJ_ers,
the total-pressure ratio of the mo~ied hpeIler was less because the
slip factor was less. The peak total-pressure ratio dr@pedfrwn 1.455
in the original impeller to about 1.375 in the modified impelLer with
an accmnpanyhg drop in slip factor from 0.89 to 0.78. The weight-flow
-e c~edfr~ Q to 14 PadS per second for the original configura-
tion to a range of 41 to 10 pounds per second for the mtified impeller.

Comparison of Internal-Flow Characteristics of Original and

Modified Enpellers at Design Flow Rate

A cmparison of the internal-flow characteristicsfor the original
and the modified impeller passages at the design weight flow, 26 pounds
per second, is presented in figure 6. The theoretical static pressures
along the blade faces (fig. 6(a)) are similar for both passages except
near the tip where the effect of the s13p factor closes the pattern, -
thereby indicathg that less work is done on the air in the modified
@eller thsa in the original Weller. The modified bkdes unload at
about the 23-inch radius because of the sharp cut-back of the blade at
that point. .

The total-pressure distribution nesr the driving face of the blade
(fig. 6(b)) shows little difference between the original andthe modi-
fied blades except near the tip where the modified blade is cut-back.
Both show isentropic flow over almost the entire blade length. On the
trailing face, however, the pressure ratio for the modified blAde was
almost isentropic wer nearly the entire blade length whereas, for the
original blade, the pressure was lower after the 14-inch radius. The
fact that the pressure appears to be greater than isentr~ic maybe due
to expertiental error in the pressure measurement which, as previously
mentioned, would make the pressures consistently h@h.

The relative adiabatic efficiency,which is a function of the rela-
tive total pressure (reference 1), is.shown in figure 6(c) by Mnes of
constant efficiency throughout the passage. Because of the possible
error in pressure measurement, efficiencies over 1.0 were computed.
However, none of the efficiency contours over 1.0 are shown; the Mne
Of Tad = 1.0 indicates the Limit of isentropic flow. The greatest

errors in efficiency occur in the inlet region where the pressure rise
is very small. However, even though the absolute value of the efficiency
may be h error, it is believed that qualitative comparisons of inlet-
efficiency contours can be made between ~e~ers and over the flow
range. There was a general @rovement in efficiency in the passage as
shown by the much larger area in which qad = 1.0, and by the fact that

the minimum passage efficiency was higher thsn that of the original
passage. There were no losses at the inlet or along the faces except

_____ _____ ——. .—— —. .— —-— .-. ——— .._ . .— .>



I?ACATN 2706 5

near the tip; the original impeller showed a drop in efficiency all
along the trailing face. In the modified passage, the lower efficiency
region starts at about the 16-inch radius near the trailinn face and
spreads toward the passage center at the tip. Discounting the portion
of the ‘passagebeycmd where the blade is cut-back, (radii greater than
approximately 23 ti.), a low-efficiency region in which Tad = 0.875 is

reached near the center of the passage. With the original passage, a
low-efficiency region in which qad = 0.80 was found near the tratin

E face.
u
o

The velocity contours throughout the passages and near the blade
faces are shown in figures 6(d) and 6(e). The velocity is ahost con-
stant along the trailing face for the modified passage whereas,for the
original passage, the velocity decelerates from the 14-inch radSus to
the tip. Because the velocity gradient along the trailing face,of the
modified passage is not conducive to boundary-layer build-up, the losses
along that face are”min$mized, and good efficiency results. As pointed
out in reference 2, the large deceleration along the driving face does
not result in an efficiency drop, probably because the boundary layer is
thin on the driving face near the ‘i@et and therefore can sustain a
greater deceleration and also because secondary flows or bleeding
through the clearance space between the blade and shroud removes any “
boundary-layer build-up. The velocity along the hiving face agreed in
trend with that theoretically predicted but was higher over the blade
length (fig. 6(e)). On the trailing face, the velocity at the “Wet was
sli~tly lower”tb that predicted &ddeceleration
18-inch radius to the tip at about the sme rate as
theory.’

.
From the foregoing ccmpari-son,it is concluded

designed for prescribed velocity distributionswith

occurred from the
was predicted by

that impelleds
low rates of decel-

eration should have higher internal efficiencies than impellers
high rates of deceleration.

Variation in Internal-Flow Characteristics of MocUfied

with

I Impeller with Flow Rate.

The efficiency distribution throughout the mcdified @eller pas-
sage and the experimental velocity contours over a ramge of corrected
weight-flow rates sre shown in figures 7 and 8. The efficiency contours
(fig. 7) indicate that regions of large loss occur in tilevicinity of
the leatig edge and along the flow surfaces with high rates of decelera-
tion. In addition, there is evidence of seconikmy f>ows that replace
hi.gh-enerm air with low-ener~ air. These phenomena are discussed in
the following paragraphs.
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At high flow rates (figs. 7(a) to 7(d)) a low-efficiency region
exists on the driving face nesr the inlet. This region exists because
of flow separation due to the negative angle of attack (stagnationpoint
on the trail@ face). For the maximum flow rate this angle of attack
is maxhm and the separation losses are maximum as indicatedby the
large region of low efficiency. As the flow rate decreases, the separa-
tion losses decrease, and the region of low efficiency reduces. At the
desi~ angle of attack (fig. 7(e)), separation losses at the inlet were
not apparent.

As the flow rate decreases below the design value, the angle of
attack becames positive (stagnationpoint on the driving face) and
separation occurs.on the trailing face at the inlet (figs. 7(f) to 7(i)).
As this separationbecomes progressively greater with decreasing flow
rate, the internal efficiencybecanes progressively lower. However, for
the low flbr rates (positive @es of attack), the separation losses,
indicated by the efficiency contuurs, are not as great as for the high
flow rates (negative angles of attack); this is further indicated in
figure 9 where the distributim of total pressure along the blade sur-
faces is given for three flow rates. At maximum flow (large negative
angle of attack), W @/b . 41 pounds per second, the large pressure drop
at the inlet is causedby the separation cf the flow around the leading
edge of the blade. At design flow (0° angle-of attack), W@/5 = 26 pounds
per second, a continuous rise in pressure, which was nearly isentropic
for both faces, occurred. At a Wge positive angle of attack,
w@/8 = 12.5 pounds per second, there was no pressure drop along the
traiMng face, but the pressure did not begin to rise until the 14-inch
radius. Because of the shape of the lea&Lng edge of the blade (fig. 2),
separatim fran the driving face at negative angle$ of attack (high flow
rates)-shouldbe more serious than separation frcrmthe trailing face at
positive @es of attack (low flow rates); because of this effect and
the greater losses at high weight flows, as discussed in reference 4,
the over-ti efficiency might be expectedto decrease more sharply at
the high flow rates than at the low flow rates, as indicated b figwe 5.

The low-efficiency regions generalJy occur in the area where the
flow decelerates along the flow surface except along the driving face
inlet as previously discussed. At the high flow rates, because accelera-
tion occurs over most of the trailing face len@h, there are few losses;
if the losses do not increase as ener~ is added to the fluid as it
moves radially outward, there is an apparent increase in rektive effi-
ciency (reference 2). As the flow rate decreases, the deceleration
along the trailing face starts eartier (figs. 8(f) to 8(i)) and the
efficiency starts to drop in that same region (figs. 7(f) to 7(i)).

Some evidence of secondary flows is seen in figure 7. ti particular,
the increase in efficiency to 1.00 along the trailing face at the high
flow rates (figs. 7(a) to 7(c)) is impossible in the two-dimensional case

~._.. —.. .— _—._ . ——-. — _ -.-——— —-— ——.—.. - . .—. —— ..—. ._— ——_. — .



NACA TN 2706 7

unless there is a shift of higher
ment; thus, there must be a shift
face tip region by some secondary
flows. At the lower weight flows
the fluid through the impeller is

ener~ air tito the plane of measure-
of higher energy air at the trailing-
flow process at these high weight
(figs. 7(f) to 7(i)), the passage of
sufficiently slow to allow a shift

of low-ener~ aik frti the driving face tuward the trailing face of
the next blade as noted and diticussedin reference.2.

There were regions of reversed flow at the traiQng-face tip at the
E
@ lower flow rateti(figsi.8(g) and 8(h)) apparently caused by the blade
o cut-back. At the 12.5-pound-per-secondflow rate, there was aregion

of reversed flow near the trailing face starting at about the 16-inch
radius. .The.losses-associated.witl-these flow reversals.were apparently
not too geat as there wasnot a-large drti in efficiency in those
regions, although they were the Iowest-efficiency-regions in the passage.
At the 6urge condition (W@/5 = 10 lb/s.ec),the efficiency never reached
1.0 in the passage or at the ~et- (fig. 7(i)}.,Trobably because of the
unstable nature of the flow due to’.recirctition in the passage at the

I surge condition.

. ~s. ‘ANI)‘coNtiUSIOIVS

The followm. results-Wwe- obtained in an investigation of-a
48-inch centrifugal-Wpel.lerthat::wasmodified by.dmnging the shape of

,. the blades:

1. At design flow.,the deceleration.rates were lower alo~- the flow
surfaces in the”modified impeller and there was a general improvement
in the efficiency througkmit.the passage-over that which-existed inthe
original impeller. It ii%coneltided-thatimpellers designed for pre~
scribed velocitY distributtow~wfth low rates of deceleration should
have higher internal‘eff-+ciencies..tham.impellers with high rates of
deceleration. ~

2. At-high weight flo’ks-_(negattve.sngleof attack), there were lsmge
separation losses at the inlet whefeas at low weight flows (positive
angle of attack) the septiation.losses were-not as great because of the
shape of the lea@ng. edge.” ‘”

3. Over-the:-flow ~rsnge; Iowei[,ef-ficiency regions general& ~ccpr+red
,.

near the flow Bu@ac~’%ith dkcelera$ing.flow, except’along:the diivin.g
face where most .lmun.~-laFr “b@”@uF by adverse velocity-grkdients
was probably eldminat--.by Ewc@@y flows or bleeding thwugh ‘the
clesrance syaee.

...
., -...: . .. . .

r

.

Lewis Flight F@pulsiori ~abora+o~ ‘”
NationalAdvisory Cmmnittee for Aer&autics

Cleveland, Ohio
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The following symbols are used in this report:

stagnation speed of sound upstream of *elJ_er, ft/sec

total pressure

static pressure

stream velocity, ft~sec

ratius, in.

5mpeSler tip speed, ftfsec

weight flow, Ib/sec

ratio of specific heats

ratio of actual inlet totsl pressure to standard sea-level pressure

adiabatic efficiency

.
ratio of actual
temperature

Subscripts:

o inlet measuring

inlet total.temperature to standard sea-level

station

2 diffuser measuring station

r relative to *eXler

1..Michel,Donald J.,
Investigation of
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Ra&bls
(in.)

12.3

13.0

14.0

16.0

18.0

20.0

21.5

22.5

23.5
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TM3W31- BIAIEDATAATMEANHEIGHT

Blade angle

(Q3)

Driving

face

-57.7

-55.3

-50.9

-26.0

-8.2

0

8.5

12.o

-51.0

Trajil@g
face

-57.7

-55.3

-50.9

-32.5

-16.7

-3.0

0

.0

-4.4

Total
blade
height
(“h.)

3.30

3.05

2.72

2.23

1.91

1.69

1.53

1.45

1.40

+!?5=.
Thichess

‘ (in. )

Actual

0.730

.714

.665

.821

1.328

l.~1

1.953

2.109

1.953
.

Corrected

0.897

.873

.817

.896

1.401

1.731

1.991

2.139

1.993

,.
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Figure 1. - ImgellerusedIninvestigationofflowwithinrotating

C-28343

paeaagem.
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●

Ori@nal blade
driving face
outline

\

&ailing
face

\

\

Radial line

Figure 2. - Comparison of original and modified blade shapes.
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Figure 3. -

.

Lmation of
static tapor
told-pressure
probe

T-
hatmmentatlon in rotating impellerpassages.
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Figure 4. - Pressure rise through impeller baaed on conditions at atm15er tip

( )
$ ~ller rad for orlgh.al aud mxlb?ied blades. Corrected tip speed,

700 feet per second.

Osz ‘
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1.03’

.6o

.40

.20

.

25&

•1 Original blade

I

10 ls 20 25 30 55 40 45
Corrected weight fiOw, w njb, lbjsec

Figure 5. - &liabat.lcefficiency of &KLker and Uf’f’user based on cond.ltions at

( )~r t~P l+ XI.ler r~ for ofigi.naland mxllfied blades. Corrected tip

speed, 700 feet per second.
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1.3- ‘

Modified21aae

,— \ /d

“‘/
1.2 /“—.—

I I I I
I I I

1.3 I II CTiginal-blade
— Theoretical I

o Dri* face Drivingface

1.2— ❑ !llraildngface-

1.1
TrdXng face

A

l.q

1

.9 I
12 14 M la 20 22 24

Radius,r, in.

(a)Static-pressuredistributionalongbladefaces.

Figure6. - Flowcharacteristicsin Impellerrotat3ngpassageat
correctedweightflowof 26poundsper second.

.
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1.3- .
1 I 1

Modifiedblade

/

1.2~

1.1

c

g ,
A&
* 1.0.
2
$
P

g
I 1

Originalblade

co
: 1.3 D

$
— Theoretical

o
8 ❑ Trailingface

1.2

1.1
[
c

1.0 I
12 44 la 18 20 22 24

Radius,r, h.

(b)Total-pressuredistributionalongbladefaces.

Figure6. - continued. Flowcharacteristicsin impelJerrotatingpassage
at correctedweightflowof 26 poundsper second.

. . ..- -.. —.... _-—....-—=— .. . ..-. .—--- . .. ----- .—~ —. —..- ..._— -— ------ .-— .. -, ---



I
I

I

(

I

(0) FtOlativ* adiabatio effloiemr dlub.itatlm &mnJ@Imb w,age.

rigwe 6. - Cmtm.lad. FlcmalurMtiiBtiOsin impeller mwang pauo at o—m “eigut rl.um of ‘w pu.dn par mm.%



(cl) V.lwity dintrltutialtbrmghcd pamg..

Fi~ 8, . Oonbirued. mm atarmt4rlntloo in iq’.dler rotiting PEEW St oum?mted Weighb flc+ of E% FUB& per aeomd.

P
w



NACA TN 2706

I I I

/ — \ Modified blade

—
\

\ \

{ I
!
I
I

/1
~ /

/

~

.5- I
Orlglml blade

--+ 5 =--- _ ~ —

~ . Trailing faoe
.

c \ \

3( \ \

2
\

..1 /

\

o

Driving faoe

I I
Theoretical I I

o Ex.perlmental,driving face
❑ Eqerlmantal, trtil.lngfaoe --

-%
I 1 I

14 16 18 20 22 24
Radius, r, In.

(e) VelWitY dlstrlbutlcm along blade faoes.

Figure 6. - Ccmoluded. Flow oharaoterlstlcsIn impeller rotat-
imz Pesage at oorreotid weight flow of 26 pcunds per seoond.

g
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1

-’(a) Ccn-rect.edweightflow,41 pomds ~ seccmd.

throughout
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(b) C~c= vei@t flow,38 POUIXIEP second.=??=’

FQore 7. -“C!onttiti.D~bUUm Of ~htlVe di&JatiC effiCi~Cy thrO@Oti
mdifi~ hpeller p9asage.
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,0
$

flow,34 pounds per second.=3s-’

.0

#

(C) Corrected weight

Figure7. - Contin&. Dls$rlbutjlm
Jncd.ified@pelAr passage.

Of relativeadiabatic

,

efficiencythroughout
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(d) Corrected weightflow,30 p3und5per 6econd.

Figure7. - Con~. Distributionof relativeadiabattcefficiencythroughout
mLdLHed hpelmr ~aage.

I
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(e)Correct&lweightflow,26 pomnisE second.
-

Figme 7. - Continued.DiOtrihrtionof relativeadiabaticefficiencythrougkmut
~ed impellerpssage.

/
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(f)CorIWCM weightflow,21.5poundspar secoud.~

Flgvre7. - Continued. Dltibubion of ralatlveadiebaticefficiencytbroughoti
mdifiea Iqeller pasmge.

. . .. —.——— — .
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,-

=%=’(g)C~~M weightflow, 15.5poundsper second.

-e 7. - continued.Distributionof relativediebatlc efficiencythrou@o@.
mdified L9gjellerpamsge.
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(h) ComWti vei@ flow,12.5POUII13Sper

Figure7. - c~t-~” Distribtilm of relativeadiabatic
nmdlf~ imelleT.ps~e.

second. =5=
efficiencythro@out
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(1) Corrected weight flow,10 poundsper second.
Y@S

me ~. - Concl~& Dielmibtiim of relativeadiehaticeffictiy throughout
mxllfiedbpeller pemege.
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(a) Correctedweight flow, 41 pouds pcr second.

IHgure 8. - Relative velocityratio Mstribution throughout
modified impellerpassage.

—. ——.——— —. — —..—— ——. ...— ._..__ __. --_J ... .
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(b).Correctedweight flow, 36 pounds per second.
=9=’

I?igme 8. - Conttied. Relative velocity dfEtaWnrtlonthroughout
ndlfied Impellerp.smge.
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b

(c)

Figure 8. -

Cmreeted

.

~tit flOW, 34 pOUnds per second.

Contiued. Relative veloci@ distributiontbroughoti
mdlfied impellerpassage.
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(d)

Figure 8. -

Comecteaweightflow, .50 younds per second.

continued.Relative velocity distribution
modified Impeller pasqe.

.

.

tluxqilout

.

. . . . . .... . —. ..—.- ——.—- —---— —--——- = -—- - ..—---- —.—..———- -. .—— -- -——--–- -—



—— —.-—-

34

.—. ——-

.

_—— ----- --—.— ---- -----~—



IWC!ATN 2706

iii
,N

me 8. - Continued..Relative velocity distributionthrmghout
nmdMied iqpellerp9mage.
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.

(g) COrrecW weightflow,15.5 pounds per second.

-e 8- - c~tfiti” Relative velocity didzlbution throughout
I

#ied 33npellerpamage.

—. .- —... . . . .
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.

(h) Correctedweight flow, 12.5 poundE per second.w’

Fl@re 8. - contiuuea.Relativevelocityti+qlbutionthroughout
-*M impellerpsss43e.

.
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Fimn?e 8. - COnclufkd. Relative velmity distributionthroughout
mdified impellerpassage.
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Theoretical
o _fmentil, drivingface.
❑ Experimental, trailing face
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12 14 16- 18 20 22 24

Radius,r, in. ,

(a)Correctedweightflow,41 poundspa second..

Figure9. - Total-~essuredistributionnearbladesurfacesof modified
passageat threeweightflows.
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1.3

1.2 “

1.1—

[

—

(b)Correct=weightflow,26 poundsper second.

1.3
I I I I I I

Theoretical
o l@~hental, drivingface. .
❑ EQerimen@l, taxxl.lingface w

1.2 /

> “
/

1.1

1.0 I
u 14 16 la 20 22 24

Radius,r, in.

(c)Comectedweightflow,12.5poundsper second.

Figure9. - concluded.lKk.al-pre&wredistributionnearbladesurfaces
of modifiedpass’kgeat threeweightflows.
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